1. This account presents information on all aspects of the biology of Milium effusum L. (Wood Millet) that are relevant to understanding its ecological characteristics and behaviour. The main topics are presented within the standard framework of the Biological Flora of the British Isles: distribution, habitat, communities, responses to biotic factors, responses to environment, structure and physiology, phenology, floral and seed characters, herbivores and disease, history, and conservation. 2. The grass Milium effusum is a common species of mature woodland in central and southern England, but is less common in the wetter parts of northern England, Wales, Scotland and Ireland. Worldwide, the species is native to many temperate, boreal, subarctic and subalpine parts of the northern hemisphere: from eastern North America across most of Europe (excluding Mediterranean climates) to the Ural Mountains and Black Sea, extending eastwards to the Himalaya, Korea and Japan. 3. Wood Millet is a shade-tolerant, relatively tall grass (up to 1Á8 m) producing up to 700 caryopses per individual. It is characteristic of temperate deciduous woodland, but can also occur in other woodland and forest types and even in scrub, alpine meadows, along railways and roads, and on rocks. In woods, it is one of the most conspicuous plants of the herb layer in the early summer after the disappearance of spring flowering species. While the species is generally considered an ancient woodland indicator in England and western Europe, it is also known to colonize secondary, postagricultural forests relatively rapidly in other areas such as Denmark, southern Sweden and Poland. 4. The species has a wide amplitude in terms of soil acidity and nutrient availability, but predominantly grows on soils of intermediate soil fertility and soil pH and with high organic matter concentration. However, M. effusum can tolerate large quantities of tree-leaf litter on the forest floor and is able to grow on very acidic soils. 5. Changes in land use, climate, densities of large herbivores and atmospheric deposition of nitrogen are having effects on populations of Wood Millet. Significant responses of the life-history traits and population characteristics have been detected in response to environmental variation and to experimental treatments of temperature, nutrients, light and acidity. In many of its habitats across its range, *Nomenclature of vascular plants follows Stace (2010) and, for non-British species, Flora Europaea.
M. effusum is currently becoming more frequent. During the last century, its mean elevation of occurrence in upland areas of Europe has also increased by several hundreds of metres. Typically, management actions are directed towards the conservation of its main habitat type (e.g. ancient woodlands of the Milio-Fagetum association) rather than to the species specifically.
Key-words: climatic limitation, communities, conservation, ecophysiology, geographical and altitudinal distribution, germination, latitudinal gradient, mycorrhiza, parasites and diseases, reproductive biology Wood Millet. Poaceae. Milium effusum L. is a widespread caespitose, rhizomatous, perennial grass of temperate to subarctic regions of the Northern Hemisphere. Culms (45) 55-140 (180) cm, erect or geniculate, ascending from decumbent bases; nodes generally 3-5. Sheaths smooth, ligules eciliate membranous, (3) 4-9 (10) mm, obtuse, erose. Blades 5-30 cm long, 5-17 mm wide, flat, smooth, hairless, evenly distributed on the culms, blue-green to green. Panicles 10-30 (40) cm, branches 1-9 (13) cm, in pairs or fascicles, flexuous, spreading or drooping, scabrous, with spikelets mainly near the distal end. Spikelets 2Á4-3Á6 (4Á0) mm, narrowly elliptic to ovate, pointed, single-flowered. Glumes 2Á5-5 mm, smooth, 3-veined, acute to acuminate, narrowly elliptic to ovate and greenish, membranous, with a narrow transparent to white edge. Lemmas obscurely 5-veined, 2Á3-3 mm, lanceolate to elliptic, pointed and smooth and shiny, becoming tough and hard. Palea 2-nerved, c. equal to lemma and partly enfolded by it, narrowly ovate and somewhat rough on the keel. Anthers 3, 1Á5-3 mm. Caryopsis ovoid, smooth, 2Á5-3 mm, light to dark brown at maturity, c. 40-700 per individual, shorter than the lemmas and concealed at maturity; estimated air-dry mass of 0Á5-1Á7 mg. The hilum is a short groove. The grass often bends towards the ground resulting in the characteristic shape of the panicle at caryopsis maturity. This information was derived from Grime, Hodgson & Hunt (1988) , Hubbard (1992) , Conert et al. (1998) , Barkworth et al. (2007) , Cope & Gray (2009 ), De Frenne et al. (2011b , c, 2014 , Mossberg & Stenberg (2012) , Clayton et al. (2015) and Gr€ aff, Moser & Heiselmayer (2015) .
There are several subspecies of Milium effusum. European M. effusum subsp. effusum has 4-5 panicle branches at most nodes and spikelets about 3 mm long (Fernald 1950; Barkworth et al. 2007; Vald es & Scholz 2009 ). North American plants belong to M. effusum subsp. cisatlanticum Fernald which grows in forests in eastern North America and has 2-3 panicle branches at most nodes and spikelets of 2Á5-5 mm length (Conert et al. 1998; Barkworth et al. 2007) . Conert et al. (1998) , Tyler (2002) and Vald es & Scholz 2009 also mention M. effusum subsp. alpicola Chrtek (M. alpicolum (Chrtek) Landolt) with much smaller panicles (only 12-16 cm) and occurring at higher elevations in thickets and alpine meadows in the Alps, Carpathian Mountains, Bohemian Forest, Balkans and Turkey. The M. effusum cultivar 'Aureum' has yellowish leaves in the spring that change to yellow-greenish later in the growing season and has been developed for horticultural purposes. In the UK, for instance, this cultivar is sold by 55 suppliers across the country (Royal Horticultural Society 2015) and also in the US it is recommended for shady, moist habitats (Gunnel, Goodspeed & Anderson 2015) . Allozyme studies have suggested the species to be highly variable with less genetic diversity in northern populations, but without clear geographic distribution of the diversity (Tyler 2002) .
The genus Milium belongs to the tribe Milieae of the Poaceae (Vald es & Scholz 2009 ). The only other native Milium species in Europe (and first detected in North America in 1987) is the annual Milium vernale M. Bieb. (early millet or spring milletgrass) (Barkworth et al. 2007; Clayton et al. 2015) . Early millet is not native in the British Isles except for two localities on the north coast of Guernsey.
In the British Isles and continental Europe, Milium effusum occurs predominantly in deciduous and mixed woodland, and is locally abundant in oak and beech woods, especially on moderately moist and heavy and calcareous soils rich with humus. However, it also occurs in other woodland and forest types, thickets, in clear-cuts, on shaded banks, on rocks (e.g. in Scotland and Iceland), along railway tracks and roads, in scrub, in montane meadows or tall herbaceous vegetation and sometimes even in dunes.
I. Geographical and altitudinal distribution
Milium effusum is common throughout most of the British Isles, occurring in 1391 of the 2805 10 km 9 10 km squares, but in only 91 of 985 squares in Ireland and none in the Channel Islands ( Fig. 1 ; Hill, Preston & Roy 2004) . It is locally frequent, most common in southern and central England, except in the Fens of eastern England. It is less abundant in the cooler and wetter north-western parts of England, Wales and the Scottish Lowlands, rare in the Highlands and Inner Hebrides and absent from the Outer Hebrides, Orkney and Shetland (Preston, Pearman & Dines 2002) . In Ireland, it is rare, and scattered throughout the country. Although it has almost always been treated as a native, Forbes & Northridge (2012) suggest that it may have been accidentally introduced with imported trees or shrubs planted on large private estates. In most parts of England, M. effusum is referred to as an indicator of ancient woodland (see section V.B).
Milium effusum is classified as a member of the Circumpolar Boreo-temperate floristic element by Preston & Hill (1997) and occurs over much of the European continent from Iceland and the North Cape in northernmost Scandinavia eastward to the Ural Mountains, south to the Mediterranean and Black Sea and Crimea (Fig. 2) , Middle East, and parts of Siberia, Kamchatka, north-western Iran, Kazakhstan, Afghanistan, Pakistan, India (the Himalaya), China, Taiwan, Japan and Korea. In northern Europe, it does not occur on the Faroe Islands and Svalbard (Conert et al. 1998; Mossberg & Stenberg 2012) . Close to the edge of its northern range, the species occurs typically in small deciduous forest patches within a largely subalpine/subarctic tundra matrix where it is associated with moist, relatively nutrient-rich sites (e.g. in Abisko in northern Sweden). Towards southern Europe, M. effusum is more sparsely distributed and it is absent from most of the Mediterranean region, except in uplands and mountains (e.g. in the Pyrenees, Alps, Apennines and on Corsica). It is absent from the Azores and Crete. The southern range limit in Europe is around 38-40°N in the Iberian Peninsula and Italy. The North American M. effusum has only a limited range from latitude 51Á5°at the western entrance to the Straits of Belle Isle westward to the north shore of Lake Superior (latitude 47°) and Minnesota, south to Nova Scotia, northern and western New England, Pennsylvania, upland Maryland, West Virginia, south-central Ohio, northern Indiana and north-central Illinois. The species is unknown in western North America (Fernald 1950; Kartesz 2015) , but has been recorded in New Zealand (Conert et al. 1998) .
Milium effusum occurs almost from sea level, being reported as present in dunes and lowlands (e.g. at a few metres above sea level (a.s.l.) in Jaegerspris, Denmark, at 5 m a.s.l. in western Belgium and 30 m a.s.l. in several sites in Germany and Sweden; Van Landuyt et al. 2006; De Frenne et al. 2014) up to 2400 m a.s.l. in the eastern Swiss Alps (Unterengadin; Conert et al. 1998) . The maximal recorded elevation of M. effusum in Britain is 380 m a.s.l. in a site west of Dockray, Cumbria (Pearman & Corner 2015) . In a large-scale floristic inventory of forest plant communities from the lowland to the upper subalpine vegetation belt (0-2600 m a.s.l.) over five mountain ranges in France (the western Alps, northern Pyrenees, Massif Central, western Jura, Vosges), the mean elevation of occurrence of M. effusum was 834 (931-1032; 95% confidence interval) m a.s.l. in the years 1905-1985 and 1209 (1343-1624 ) m a.s.l. between 1986 and 2005 (after correcting for sampling biases). Thus, the mean elevation of occurrence within these mountain habitats exhibited a striking upward shift of 412 m, probably related to climate change (Lenoir et al. 2008) . The maximal elevation where M. effusum was recorded in these mountain plots was 1315, 1400, 1510, 1700 and 2210 m a.s.l. in the Vosges, Jura, Massif Central, northern Pyrenees and western Alps, respectively (J. Lenoir, personal communication) . In Norway, the elevational limit is 1380 m a.s.l. in the Hardanger Vidda National Park and 700 m a.s.l. in northern Norway (Hult en & Fries 1986) . In southern Kazakhstan, it grows at elevations as high as 1800 m a.s.l. (Dimeyeva et al. 2015) .
II. Habitat ( A ) C L I M A T I C A N D T O P O G R A P H I C A L L I M I T A T I O N S
In Great Britain, Wood Millet is mostly confined to areas where the annual rainfall is less than 1000 mm (Chandler & Gregory 1976 ) and where there are fewer than 160 wet days per year (Ratcliffe 1968) . The hectads (10-km squares) in which M. effusum occurs in Britain are characterized by a mean January temperature of 3Á6°C and a mean July temperature of 15Á3°C. The mean annual precipitation in these hectads amounts to 928 mm (Hill, Preston & Roy 2004) . The mean annual and July temperatures across its entire European range are 4Á69°C and 16Á9°C, respectively (De Frenne et al. 2013) .
In general, M. effusum is a shade-tolerant species (the Ellenberg species indicator value, as well as the adapted British value, for light is 4; Ellenberg & Leuschner 2010; Hill, Preston & Roy 2004 ) mostly confined to sites below a woodland canopy (see section III). However, in woodlands it is favoured by thinning that increases direct solar irradiance and rainfall (Staaf, Jonsson & Olsen 1987; Falkengren-Grerup & Tyler 1991 showed that in M. effusum, biomass production and root:shoot ratios were enhanced under a simulated canopy opening in a common garden experiment using caryopses (henceforth referred to as 'seeds') sampled across a large part of its European range. Particularly under high subsoil water conditions, for instance at the base of slopes, M. effusum occurs in high-light habitats where it may form extensive communities (Pearsall 1938) . Also in the northern part of its range, M. effusum is most frequent on flat ground or only gentle slopes with no distinct response to aspect. In the Sheffield region, it was not recorded from steep slopes over 60% from horizontal (Grime, Hodgson & Hunt 1988) .
( B ) S U B S T R A T U M
Milium effusum has a wide amplitude in terms of soil acidity and nitrogen (N) availability (Hoennekes 1934; Pearsall 1938) . Ellenberg species indicator values are intermediate between the potential extremes, i.e. 5 for moisture (F), for pH (R) and for nitrogen (N) (Ellenberg & Leuschner 2010) . Hill, Preston & Roy (2004) mention the same values for the F and N indicator values but recommend using R = 6 for the British situation. The species is most common on moderately moist and heavy, loamy or calcareous soils, rich in humus and of intermediate fertility and intermediate pH with a deep, humic soil of sand, stones or pure clay (Conert 2000) . Table 1 summarizes forest floor and topsoil characteristics measured in Wood Millet populations occurring in beech and oak woodlands across its European distribution range. The species is able to tolerate widely differing amounts of treeleaf litter and bare soil, and is able to penetrate through a relatively thick layer of leaf litter (up to 10 cm deep, Table 1 ) (Sydes & Grime 1981; Dzwonko & Gawro nski 2002) . However, few plants occur in sites in deciduous woodlands where litter mass exceeds 200 g m À2 (more than c. 10 cm) in the British Isles; there is, however, no correlation between dry mass of tree litter and biomass of M. effusum shoots (Sydes & Grime 1981; Baskin & Baskin 2014) . Wood Millet often grows on mull soils typically colonized by an active invertebrate fauna and continuously disturbed by burrowing animals, like voles and earthworms (Pearsall 1938; Staaf, Jonsson & Olsen 1987; Rodwell 1991) , leading to a quick and deep incorporation of organic material in the soil profile of Cambisols (Andrianarisoa et al. 2009 ). In the USA, Milium effusum has been found to be an indicator species of a moderate invasion by European earthworms of the Lumbricidae family (Bennett 2013) . High subsoil water conditions may promote growth of the species, but it only tolerates rare flooding events and is absent from wetlands or regularly inundated woods (Grime, Hodgson & Hunt 1988; Van Looy et al. 2003; Glaeser & Wulf 2009) .
In Great Britain, M. effusum occurs on various soil types derived from a wide variety of parent material. In the relatively warm and dry southern lowlands, it is most common over sedimentary limestones, shales and clays and superficial deposits like glacial drift. Since leaching at these sites is limited to superficial depletion of calcium (Ca) carbonate, soils are often characterized by a low surface pH (4Á5 or less), but base-rich conditions with much exchangeable Ca in the lower horizons (Rodwell 1991) . In areas where the influence of the parent material is more dominant, however, the profiles can be base-rich and calcareous throughout (surface pH between 6 and 7 or more) (Rodwell 1991;  Table 1 ). In the south-eastern part of Britain, the species is also associated with the more base-rich conditions over rendzinas, which are shallow, freedraining, rich in free Ca carbonate and with a high surface pH between 7 and 8 (e.g. Adamson 1921; Watt 1934; Avery 1958) . Additionally, M. effusum avoids habitats with a high proportion of bare soil, at least in the Sheffield region (Grime, Hodgson & Hunt 1988) , and skeletal habitats, although its occurrence on rocks is mentioned by Cope & Gray (2009) . It is less frequent on sandstone than on other substrates and occurs on limestone only with sufficient humus (Conert 2000) . Milium effusum is especially abundant on mull soils (Staaf, Jonsson & Olsen 1987; Sch€ onhar 2001) ; it occurs on moder (Conert 2000; Schneider et al. 2004) , but rarely on surface mor (Rodwell 1991) . In Scandinavia, where the species is mostly common and widespread, M. effusum is known to be rare in areas with predominantly siliceous bedrock and acid moraines (Tyler 2002) .
Wood Millet also occurs on eutric cambisols, luvisols and gleysols (Andrianarisoa et al. 2009; Schneider et al. 2004; van Oijen et al. 2005; Orczewska 2009b ). It grows well at high pH (up to 7-8) and with nitrate as source of inorganic N, but it is also tolerant of a soil solution pH as low as 3Á7 (measured directly in centrifuged soil solution which is intermediate to pH values measured in water and KCl) and with ammonium (NH 4 + ) as the main N source in dystric cambisols (Falkengren-Grerup & Tyler 1993; Falkengren-Grerup & Lakkenborg-Kristensen 1994; Falkengren-Grerup 1995; Falkengren-Grerup et al. 2004) . Generally, a typical tolerance range between pH 3 and 6 is described (Pearsall 1938; Towpasz & Szymska 1983; Fitter & Peat 1994; De Frenne et al. 2014) . In soils collected in range-wide M. effusum populations in beech and oak woodlands, the lowest recorded soil pH was 3Á2 measured in KCl (Table 1; De Frenne et al. 2014) . There is experimental evidence that biomass production and root length of M. effusum seedlings are reduced when growing in acid soils compared to less acid soils (pH in water of 3Á1 vs. 4Á7, respectively) (Henrichfreise 1981) . On the contrary, addition of carbonates (SrCO 3 or CaCO 3 + MgCO 3 ; leading to a pH of 3Á7-5Á2) decreased root:shoot ratios under experimental conditions (Falkengren-Grerup & Tyler 1993) . Like many other woodland herbs, M. effusum has shown a displacement of frequency towards lower topsoil pH during the 20th century, probably mainly as a result of atmospheric deposition (Falkengren-Grerup 1986) . The species, however, is absent from highly acid and base-deficient soils like podzols (Tyler 2002) , and does not survive more than a few years when transplanted to strongly acid mor podzols, unless the soil is limed (Staaf 1992) . Low soil pH values are usually associated with increasing concentrations of phenolic acids and aluminium (Al). Kuiters & Sarink (1986) , respectively, in the soil solution in a southern Swedish beech wood. They found no negative effects of the Al concentration in the soil solution on the percentage cover of M. effusum. 
III. Communities
In lowlands, Milium effusum is primarily a shade-tolerant species typical of the herb layer of deciduous and mixed woodland (both under closed canopies as well as in gaps and clearings) but it also occurs in scrub and hedgerows (Roweck 1981; Grime, Hodgson & Hunt 1988; Rodwell 1991; Sell & Murell 1996 . Figure 3 gives an impression of the typical habitats and communities of the species. In the British Isles, M. effusum is part of a number of woodland communities especially dominated by Fraxinus excelsior, Fagus sylvatica and Quercus robur. The species is a common component of the Fraxinus excelsior-Acer campestreMercurialis perennis (W8), the Fraxinus excelsior-Sorbus aucuparia-Mercurialis perennis (W9), the Quercus roburPteridium aquilinum-Rubus fruticosus (W10), the Fagus sylvatica-Mercurialis perennis (W12), and the Fagus sylvatica-Rubus fruticosus (W14) woodland types according to the national vegetation classification system of Rodwell (1991) . Wood Millet usually covers a small proportion of the ground in all these communities, and flowers only where canopy shade is not too dense. Lothian records show predominance in mixed, as opposed to deciduous woodlands (Edinburgh Biodiversity Action Plan 2010).
In Fennoscandia, M. effusum occurs in a wide range of meso-and eutrophic broadleaved and mixed woodlands, in eutrophic spruce forests, but also on riverbanks and in lakeshore thickets as well as in wooded hay meadows, subalpine and subarctic mountain birch forests and alpine tall-herb meadows (Diekmann 1994; Rydin, Snoeijs & Diekmann 1999; Tyler 2002) . Canopy opening usually increases growth and flowering and the species is sensitive to grazing and mowing and has become more widespread during the 20th century after abandonment of traditionally managed wooded meadows and pastures (Tyler et al. 2007; Jonsell 2010) .
In western Europe, M. effusum used to occur in a rather limited range of mesotrophic broadleaved deciduous woodlands (oak-beech woods) on moderate acid and relatively dry loamy soils where it is often accompanied by species such as Oxalis acetosella, Anemone nemorosa, Stellaria holostea, Athyrium filix-femina, Luzula pilosa, Maianthemum bifolium and Rubus fruticosus (Milio-Fagetum association). However, in recent decades, the frequency of occurrence in resurveyed semi-permanent vegetation plots has increased considerably (on average with c. 2Á1% within ancient woodlands across Europe; De Frenne et al. 2013) and M. effusum is now more widespread than before. It has increased especially in prominence in more eutrophic oak-ash and even ash-alder woods (Van der Werf 1991; Hermy et al. 2009; Cornelis et al. 2009 ). This expansion may be related to enhanced disturbance, light intensity and nutrient inputs, and shifts in species composition as a consequence of N deposition (section VI), pushing the species towards more rich and more humid soils.
In central and eastern Europe, M. effusum occupies a wide range of deciduous and mixed forests and shaded banks of different moisture levels, in lowlands, uplands and mountains. Although predominantly recorded in oak-hornbeam and beech communities, it is also present in a variety of riverside communities, in wet alder forests, mountain sycamore forests on rocky, steep slopes, and even in fir and spruce communities, and the dwarf pine belt in mountains (Chytr y & Rafajov a 2003; Ka z cki & Sliwi nski 2012). Towards southern Europe, the species occurs primarily in communities of the Fagetalia sylvaticae phytosociological order, but it can also be found in clear-cuts and clearings (communities of the Epilobietea angustifolii class), as well as in tall herbaceous mountain vegetation (communities of the Adenostylion alliariae alliance).
IV. Response to biotic factors
In several of its closed-canopy habitats (e.g. in some MilioFagetum woodlands; Fig. 3c-e) , widely spaced plants may suffer relatively low levels of intraspecific above-ground competition for light and below-ground competition for nutrients and water within the herbaceous layer. Nonetheless, in other, more open habitats (e.g. post-agricultural forests or mountainous, open forests) where M. effusum occurs, the herbaceous layer can be dense (Fig. 3a, b and f) .
Clones of M. effusum differ considerably in their rhizome morphology, depending on the level of competition with other herb-layer species. Strongly branched rhizomes pointing in all directions were observed in conditions with high levels of competition (in a Polish wood with dense herb-layer cover, with a high density of tussocks of Carex brizoides), whereas rhizomes with linear, unbranched architecture developed in conditions with lower competition levels (in a site in Poland with lower plant densities within the herb layer and lower interspecific competition) (Towpasz & Szymska 1983) .
The competitive ability of M. effusum has also been shown to change from north to south. De Frenne et al. (2011c) sampled 44 M. effusum populations along a 2300-km latitudinal gradient from northern France to northern Sweden and determined the position of these in the leaf-height-seed ecology strategy scheme [a combination of three ecologically important traits: specific leaf area (SLA), seed mass and plant height]. The species displayed a significant 4Á3% increase in plant height (corresponding to c. 3 cm) with every degree northward shift. This translates to an almost doubling of plant height between the southernmost (average 82Á9 AE 2Á4 cm) and northernmost populations (average 148Á7 AE 1Á8 cm; Fig. 4a ). Neither seed mass nor SLA showed a significant latitudinal cline. This increase in plant height in northern compared to southern populations was also found in a common garden experiment suggesting that this pattern is genotypic in origin (De Frenne et al. 2011b) .
Populations of M. effusum are usually favoured by thinning and/or clear-cutting with extensive flowering and seed production under such situations (see sections II and III). Nevertheless, in a resurvey of woodlands in southern Belgium converted from traditional coppice-with-standards to high forest management where dominant canopy cover shifted from the shrub to the tree layer in all conversion types, Van Calster et al. (2008) found the cover of M. effusum not to show any significant changes over time on both nutrient-poor and nutrient-rich soils. In an artificial canopy gap experiment where gaps were deliberately created [by removing clumps of low quality hardwood species from hemlock (Tsuga canadensis) stands in Michigan, USA], and combined with exclosures to assess deer browsing effects, M. effusum did not respond significantly in terms of cover frequency to the treatments after 5 years (Holmes & Webster 2011) .
V. Response to environment ( A ) G R E G A R I O U S N E S S
Milium effusum tends to occur as solitary individuals. However, small patches of hundreds of individuals several square metres in size also occur, especially in high-light environments such as woodland gaps. Regeneration from seed is the most important means of population persistence and spread but the species also exhibits clonal growth (Tyler 2002 ; section VI.C). 
( B ) P E R F O R M A N C E I N V A R I O U S H A B I T A T S
The status of M. effusum as ancient woodland indicator is ambiguous. Like many other temperate forest understorey plants, it is affected by legacies of the former land use, and is mostly limited to ancient woodland in the British Isles and several western European countries such as Belgium (Peterken 1981; Peterken & Game 1984; Hermy et al. 1999; Verheyen et al. 2003; De Frenne et al. 2011a ; but see Kimberley et al. 2013) . Peterken (1981) and Kirby (2006) stressed a high affinity with ancient woodland for this species, and Rose (1999) mentioned it as indicator of ancient woodland for southern Britain. However, Kimberley et al. (2013) applied a classification tree analysis to a plant trait database to assess the extent to which ancient woodland species can be separated from other woodland plants based on their life-history traits (including plant height, seed mass, seed bank persistence and the dispersal syndrome). They did not classify M. effusum as an ancient woodland indicator species across the UK based on these traits.
In the last few decades, its establishment in more recent and/or disturbed forests seems to have increased in some regions, probably because of its epi-and endozoochorous dispersal by large mammals (Graae 2002; Heinken & Raudnitschka 2002; Oheimb et al. 2005; Delatte & Chabrerie 2008) and the parallel increase in the population densities of these mammals. The species is, for instance, known to colonize secondary, post-agricultural forests relatively rapidly in southern Sweden and Denmark (Graae 2000) . Although in Poland it is listed as an ancient woodland indicator species (Dzwonko & Loster 2001) , it also occurs in sites disturbed by felling, and colonizes nitrophilous, recently post-agricultural forests. It appears to be a species without a clear preference for ancient woodlands in this region (Orczewska 2009a,b ; Ka z cki & Sliwi nski 2012). In a meta-analysis of recovery rates of post-agricultural forests across Europe, a mean recovery rate of À0Á71 was calculated as the log-response ratio of frequency in postagricultural forests over ancient woodlands across Europe. Negative values indicate a higher affinity to ancient than to post-agricultural forest. In other words, the frequency of occurrence in ancient woods was c. 2Á0 times the frequency of occurrence in post-agricultural forests. Wood Millet was ranked intermediate, i.e. as the 36th slowest to recover species out of 90 forest understorey plants (De Frenne et al. 2011a ).
Mean colonization rates from ancient woodlands into adjacent post-agricultural forests are region-dependent but range from 0Á4-2Á78 m year À1 in southern Sweden (Brunet & von Oheimb 1998; Brunet et al. 2012) to 0Á91-1Á05 m year À1 in south-western Poland (Orczewska 2009a ) making this species an intermediate to relatively fast colonizer compared to other forest understorey species (Bossuyt, Hermy & Deckers 1999; Brunet et al. 2012) . Addition of M. effusum seeds to subplots in ancient and post-agricultural forests in Denmark resulted in a spectacular increase of 77% occupancy (which was the highest of the eight tested species). The increase was highest in the post-agricultural forests and is a strong experimental demonstration of seed-limited recruitment (Graae, Hansen & Sunde 2004) . In a high-light environment, M. effusum has a mean relative growth rate of 0Á058 g g À1 day
À1
, which is relatively low compared to other grasses (Ryser & Wahl 2001 ; see section VI.E). De Frenne et al. (2011c) found that M. effusum increased in plant height towards the north (cf. section IV) and plants were also taller under a more open canopy. There was no relationship between the latitude of origin and the number of growing degree-hours and the seed mass of M. effusum. Enhanced plant size (height and biomass) similarly occurred when Wood Millet was transplanted into soils coming from colder sites than the seed origin. In a common garden experiment in a glasshouse, De assessed growth responses to non-local soils by planting seeds in soil sampled in 22 ancient woodland sites across a 1600-km latitudinal gradient and transferred to the glasshouse. The performance of M. effusum increased when transplanted into soils from currently cooler areas and decreased in translocations to soils from warmer sites. These growth responses were most likely related to differences in experienced N deposition rates, soil pH, and soil K and Ca concentrations, and occurrences of mycorrhiza and fungal pathogens. In the same common garden glasshouse experiment, direct experimental warming also increased the performance and seedling emergence rates of M. effusum. The predicted climatic changes thus have the potential to significantly improve growth and accelerate seedling emergence of this species, not only by directly affecting plant performance, but also indirectly through positive plant-soil feedbacks during migration (De Frenne et al. 2012; Maes et al. 2014). Kucherov (2003) discussed a latitudinal cline in the ecological niche and ability of M. effusum to persist under treecanopy shade. He described a shift in the species' occurrences from productive valley forest to semi-open, less productive, mountain forest, from southern to northern Russia.
Drought stress is unlikely to occur frequently in its typical habitats, at least in woodlands on relatively moist soils, which could explain the relatively few large metaxylem vessels in roots of Wood Millet (Wahl & Ryser 2000; Fig. 5) . Al-Mufti et al. (1977) report frost damage to overwintering shoots of M. effusum. Nevertheless, this does not seem to affect its distribution negatively in, for instance, the northern of its distribution range or at high elevations (>2000 m a.s.l.) in mountains, possibly due to the insulating properties of the typical thick litter layer and/or snow where it occurs. The adventitious root system arises from the stem base. The species also possesses rhizomes covered in densely, short-haired scales ending in a single sprouting bud (Conert et al. 1998 ) from which new above-ground shoots and roots may be formed (Jonasson & Widerberg 1988) . This allows the species to form large stands of loosely tufted individuals. In a comparative root anatomical study of 19 grasses, Wahl & Ryser (2000) found, based on samples from seven individuals, that M. effusum has very high root tissue mass densities (0Á245 AE 0Á017 mg mm À3 ) while having relatively small proportions of root stele (0Á023 AE 0Á004 mm 2 ), due to a dense root cortex (Fig. 5) . Similarly, M. effusum roots contained exceptionally few xylem vessels (1Á14 AE 0Á14 for a given root diameter), compared to 3Á86 AE 0Á55 in another shade-tolerant grass, Poa nemoralis. P. nemoralis differs in this regard from other, non-shade adapted Poa spp. such as P. trivialis and P. pratensis (having 1Á38 AE 0Á26 and 1Á88 AE 0Á23 xylem vessels, respectively, for a given root diameter). Additional anatomical root traits such as root cross-sectional area (0Á157 AE 0Á03 mm 2 ), stele cell size (70Á2 AE 8Á79 lm 2 ), stele cell number (184 AE 34) or proportion of xylem (total xylem in root cross-sectional area: 0Á72 AE 0Á06%) were similar to the other grass species although they had lower root tissue mass densities. This exceptional trait combination in the roots of M. effusum, combined with its slow growth, may be explained by the environment of its preferred forest habitat where drought is unlikely to occur, but shade may limit growth (Wahl & Ryser 2000 ; cf. also section V). Gr€ aff, Moser & Heiselmayer (2015) assessed whether plant architecture affected the amount of radiation reflected by neighbouring plants. Light transmittance through M. effusum leaves was 2Á49 AE 3Á22& (SD) of incoming PAR. This was comparatively high compared to the other woodland plants studied (e.g. Stellaria holostea, Lamium galeobdolon and Galium odoratum). Leaf reflectance was significantly higher at 9Á77 AE 1Á23%. Milium effusum performed poorly as a radiation donor with a mean photon flux density of 0Á12 AE 1Á00 (SD) mmol m À2 day
VI. Structure and physiology
( A ) M O R P H O L O G Y
À1
. This low donor radiation capacity is likely due to M. effusum's plant architecture which leads to a significant degree of self-shading because of its relatively (Dominik & Wojciechowska 1961; Michelsen et al. 1998 ). Such differences in mycorrhizal status between studies can be ascribed to environmental settings. First, harsh climatic conditions in arctic areas have been suggested to limit AM colonization in M. effusum even when potential host plants are present (Michelsen et al. 1998; Olsson, Eriksen & Dahlberg 2004) . Second, fertilization (e.g. from atmospheric N deposition or from past agricultural P fertilization) may decrease the occurrence and colonization of M. effusum roots with AM fungi. Despite the complete loss of AM fungi in control plots in response to fertilization with each of 200 kg ha À1 N, P and K, the performance and ground cover of M. effusum was enhanced in fertilized plots (Turnau, Mitka & Kedzierska 1992) . However, contrary to the study of Turnau, Mitka & Kedzierska (1992) , no effects of N addition on mycorrhizal colonization of M. effusum were found by Maes et al. (2014) . Finally, in a common garden transplant experiment, a higher incidence of arbuscular mycorrhizas was observed in populations that were replanted at their home site (local accessions) than in foreign provenances, suggesting adaptation to the local AM fungi (Maes et al. 2014 ).
( C ) P E R E N N A T I O N : R E P R O D U C T I O N
Milium effusum is a hemicryptophyte, overwintering by combining an evergreen canopy with rhizomes, immature tillers and subterranean buds (Al-Mufti et al. 1977; Jonasson & Widerberg 1988) . Vegetative reproduction occurs by means of the short rhizomes, with a maximum annual clonal spread of c. 20 cm year À1 (Brunet & von Oheimb 1998) . Growth and vegetative expansion in M. effusum occur in four distinct phases, closely related to the light availability through the tree canopy (Jonasson & Widerberg 1988) : (i) rapid growth of overwintered tillers and tiller primordia until canopy leaf flushing, (ii) an early-summer phase characterized by flowering, no leaf growth but formation of new tiller primordia, (iii) a late-summer/early autumn phase after canopy tree leaf shedding with M. effusum tillers developing from previously formed primordia, with expanding stem bases and rhizomes, and ultimately the formation of new tiller primordia and (iv) in late autumn, senescence of some of the above-ground shoots and winter dormancy.
The short rhizomes, combined with the observation that ramets sampled a few metres apart in M. effusum stands belonged to different genets, led Tyler (2002) to conclude that the main mode of reproduction, spread and persistence is through regeneration from seed rather than through vegetative perennation or clonal reproduction, except in closed stands. However, studies on the structure and dynamics of populations in natural oak-hornbeam and mixed pine-oak forests in southern Poland revealed that vegetative growth via rhizomes and fragmentation of parent-plant individuals was predominant. Regeneration from seeds became the predominant type of reproduction when M. effusum colonized open spaces in forest gaps and clearings (Towpasz & Szymska 1983) .
While Wilson & Thompson (1989) estimated reproductive allocation (proportion of above-ground biomass allocated to reproductive structures) in M. effusum to be only 0Á2% of the above-ground biomass for an English provenance (sampled in Devon/southeast Cornwall), range-wide data from a common garden experiment suggest a mean biomass allocation of 8Á4% to the seeds and 9Á8% to the inflorescences (i.e. sum of 18Á2% reproductive allocation) (De Frenne et al. 2011b ).
( D ) C H R O M O S O M E S
Milium effusum has almost exclusively been found to have the chromosome number 2n = 28 in populations across North America, Europe, Russia and Japan (Bennett & Thomas 1991; Bennett & Bennett 1992) , although a single unconfirmed chromosome count of 2n = 14 has also been reported (Sokolovskaya & Strelkova 1960) . The base chromosome number is 7. Based on chromosomal banding patterns, the species has been suggested to be an ancient allotetraploid, but it shows diploid meiotic behaviour (bivalent-forming) (Bennett & Thomas 1991) and allozyme diversity is consistent with a diploid mode of inheritance (Tyler 2002) . The tetraploid origin is found throughout its natural distribution range, from Britain to the rest of Europe (Gadella & Kliphuis 1963; Skalinska, Pognan & Czapik 1978; Vachova 1978; Bennett & Thomas 1991 ), North America (Bowden 1960 and Asia (Tateoka 1957) . The variation in chromosome number in the entire genus Milium can be attributed to allopolyploidy and multiple hybridization events during speciation (Bennett & Thomas 1991) . The DNA amount within natural M. effusum populations is reasonably consistent among different continents, with a mean nuclear 2C DNA amount of 7Á88 pg (Bennett & Bennett 1992) , although Grime, Hodgson & Hunt (1988) report a nuclear DNA amount of 9Á4 pg. Bennett & Bennett (1992) noted a higher 2C value (mean of 9Á92 pg) in ex situ cultivated individuals growing in botanic gardens which they suggest is the result of the environmental differences between in situ (wild) and ex situ (cultivated) populations and the effects on nuclear DNA quantity.
( E ) P H Y S I O L O G I C A L D A T A
Milium effusum uses the C 3 pathway to fix CO 2 ; the C 12 /C 13 ratio was lower than À22 13 C& (Waller & Lewis 1979) , i.e.
À30Á4
13 C& (Smith & Brown 1973) . Milium effusum does not have Kranz anatomy (Smith & Brown 1973) . In a highlight environment, M. effusum has a mean net assimilation rate of 3Á4 g m À2 day À1 , which is relatively low compared to other grasses (Ryser & Wahl 2001) . Enhanced atmospheric inputs of N together with climate warming have probably been responsible for an increase in the frequency of M. effusum across the European continent (see section III). Pollution by atmospheric N inputs has also resulted in a displacement towards lower topsoil pH during the 20th century (Falkengren-Grerup 1986 ). Yet, in a common garden experiment with a range-wide of provenances performed in Belgium, the species did not respond to N addition of 62Á5 kg N ha À1 alone (applied as NH 4 NO 3 ). Only seed mass was significantly increased as a result of N addition in sown plants, but this was not the case in plants that were transplanted by means of rhizomes. Nevertheless, interactive effects between warming temperatures (simulated by southward transplantation along a latitudinal gradient) and N addition were found; N addition led to increased biomass growth only under the coldest temperatures (Maes et al. 2014) . The total N concentration in M. effusum leaves in forest tundra in northern Sweden was 1Á97 AE 0Á07% (SE) (Michelsen et al. 1998) , whereas the N concentration varied between 0Á94 and 4Á36% (mean of 3Á07 AE 0Á15%) along a latitudinal gradient from temperate France to subarctic Sweden (Fig. 4b-d) . Jonasson & Widerberg (1988) noticed a strong seasonal pattern in leaf N concentrations from 3Á64 AE 0Á74% (SE) in the spring (April) to 0Á85 AE 0Á17% in the summer (August). The seeds contain 2Á80% N expressed per dry weight (Jensen 1982) .
Falkengren-Grerup & Lakkenborg-Kristensen (1994) performed two glasshouse experiments to establish the relationship between growth and N uptake as either NH 4 + or NO 3 À in Wood Millet. Neither total biomass nor the root:shoot ratio responded to any of the seven treatments in the first experiment in which nutrient solutions with various combinations and concentrations of NH 4 + and NO 3 À were applied to adult M. effusum plants grown from seed. In a follow-up experiment, NH 4 + uptake from a mixed solution of NH 4 + and NO 3 À was significantly higher than the NO 3 À uptake. The uptake of NH 4 + and NO 3 was also significantly higher when applied in isolation compared to uptake of each N form when available in a mixture. Despite being able to grow on very acidic soils, growth of M. effusum did not display any preference towards a specific N form, perhaps due to its wide soil pH range (section II.B). Nevertheless, the hypothesis that species which can occur on relatively acidic soils are not dependent on NO 3 À and can grow well with NH 4 + as sole N source was supported in the patterns observed in M. effusum. The physiological response to fertilization and shading of M. effusum collected from birch forest in northern Sweden was investigated in detail by Eckstein & Karlsson (2001) . Individuals transplanted in pots were subjected to two factorial manipulations of light (ambient vs. 64% light reduction) and N (1 vs. 10 g N m À1 year
À2
) for two growing seasons.
All above-ground biomass was harvested on three occasions during the growing season, weighed and chemically analysed. Across treatments, M. effusum had an average N pool of 6 mmol N per plant [based on chemical analyses of leaves, stems (including leaf sheaths), inflorescences, roots and rhizomes] and net primary productivity averaged at 7Á3 g dry matter per plant per year. The large N pool in M. effusum led to a strong increase in net primary production of M. effusum (from 2Á1-3Á1 to 11Á9-12Á0 g dry matter per plant per year) under both light treatments in response to N fertilization. Similar responses to N fertilization were noted for losses in N (from 0Á5-1Á3 to 3Á9-6Á1 mmol N per plant per year) and litter production (0Á52-0Á57 to 4Á18-4Á62 g dry matter per plant per year). In a glasshouse experiment at two temperatures (average temperatures of 11Á6°C and 15Á3°C), De Frenne et al.
(2014) found a ten-fold decline in above-ground biomass from ambient light to a reduction in light by 95% with shade cloth (from 26Á3 mg to 2Á8 mg per individual). Below-ground biomass declined even further, by a factor of 16 (from 38Á0 to 2Á4 mg). In a study on nutrient allocation, Jonasson & Widerberg (1988) demonstrated significant seasonal fluctuations in nutrient content (N, Ca, P, K and Mg) in relation to light as a determinant of growth dynamics and nutrient use in M. effusum. Rapid spring growth translated into high mobilization of K, Ca and Mg in the leaves as well as into high leaf concentrations of N and P and a strong aboveground biomass increase. The large fluxes of light available prior to tree-leaf flushing coincided with this pattern and allowed large quantities of nutrients to be used to produce leaves with high N content and high photosynthetic rates, achieving high carbon return on invested N. When light was scarce in the mid-season, N and P were withdrawn from the leaves to reduce the respiratory cost of high N concentrations. When these nutrients were allocated to root growth, autumn tillers can benefit from the resulting increased root growth and potential uptake of nutrients late in the season such that the species can maintain high photosynthesis rates in autumn tillers. The nutrient concentrations in autumn tillers therefore differ clearly from spring tillers. Finally, Jonasson & Widerberg (1988) concluded that nutrient leaching in M. effusum was negligible in living and dead leaves, except for K, which quickly leached from dead leaves. Carbohydrates may be leached in significant amounts, but only from the youngest living leaves.
Although M. effusum occurs along a wide soil acidity gradient, it does not seem to use root exudates to detoxify Al in acid soils. Sch€ ottelndreier et al. (2001) reached this conclusion based on a hydroponic experiment in which adult plants grown from seeds were exposed to three different Al concentrations (0, 25 and 75 lM) at a pH of 4. M. effusum did not exude significant amounts of oxalic acid or citric acid (<0Á01 lmol h À1 g À1 root dry mass) in relation to elevated Al concentrations, but it did exude small concentrations of malic acid, though only at the highest Al treatment (mean of 0Á025 AE 0Á053 lmol h À1 g À1 root dry mass). These findings for M. effusum and other woodland grasses were surprising as the species can occur on very acid soils (although these plants might be distinct, acid-tolerant genotypes; see also section II.B), and concentrations used in the experiment were similar to concentrations in woodland soils.
The glucosylceramides of M. effusum leaves that are involved in the cryostability of plasma membranes and thus in cold acclimation, contain relatively high amounts of unsaturated hydroxy fatty acids (4-hydroxy-8-sphingenines: t18:1(8Z) and t18:1(8E)) but lower amounts of 2-hydroxy arachidic acid (20h:0) compared to other Poaceae species (Watanabe & Imai 2011) . Wood Millet foliage also contains coumarin (a benzopyrone) (Mossberg & Stenberg 2012) and flavonoids of the flavonol family (quercetin 3-O-rutinoside, quercetin 3-Oglucoside, kaempferol 3-O-rutinoside and kaempferol 3-Oglucoside), considered to be a primitive feature, instead of the flavone family, which is commonly found in other Poaceae (Moulton & Whittle 1989) .
VII. Phenology
The species is evergreen, with the foliage remaining visible above-ground during winter. Shoot biomass increases in spring prior to tree-leaf flushing and there is clear seasonality in the amount of above-ground biomass. The species reaches its peak biomass during late spring and early summer (Al-Mufti et al. 1977; Towpasz & Szymska 1983; Tyler 2002 ). For instance, winter biomass in December was <1 g dry matter m À2 in a southern Yorkshire wood, while peak summer biomass (in June) amounted to c. 8 g dry matter m À2 (Al-Mufti et al. 1977) . The growth of overwintering shoots begins in early spring (in Sweden in April, earlier further south) (Jonasson & Widerberg 1988) and the growth of the panicle starts in April-May. In 2008, more than 10% of the shoots in large populations in woods across Europe were flowering (defined as the moment when the anthers were visible) on 1 May (Belgium), 9 May (northern France), 10 May (north-western Germany) and 22 May (southern Sweden). Seed maturation usually occurs from June (UK, France, Belgium and The Netherlands) until August (northern Scandinavia). The seeds are dispersed nearly instantaneously after maturity (predominantly barochorous and epizoochorous dispersal) and can germinate immediately when shed (see section VIII). Virtually all new seedlings from European populations start to flower only two growing seasons after sowing, although, very infrequently (c. 1% of individuals tested), some individuals flower and set seed in the first year (De Frenne et al. 2011b) . Jonasson & Widerberg (1988) noticed a second above-ground biomass peak in September in a wood north of G€ oteborg on the Swedish west coast, but this peak was absent in the UK population (Al-Mufti et al. 1977) . Jonasson & Widerberg (1988) relate this second peak to the growth of immature tillers that coincides with the shedding of the tree-canopy leaves.
VIII. Floral and seed characters
Milium effusum has green hermaphroditic, feebly protogynous, wind-pollinated flowers (Grime, Hodgson & Hunt 1988) .
( B ) H Y B R I D S
No hybrids have been recognized.
( C ) S E E D P R O D U C T I O N A N D D I S P E R S A L
Vegetative shoots start to form inflorescences in their second year or later (Towpasz & Szymska 1983; Jonasson & Widerberg 1988; Wilson & Thompson 1989) . Seed production then generally recurs annually (Tyler 2002) . On average, 68Á0 AE 28Á7% (SD) of all M. effusum shoots present in a population flower annually and produce seeds (De Frenne et al. 2011c) . Each reproductive shoot produces 40-700 seeds with an air-dry mass of 0Á5-1Á7 mg each (De Frenne et al. 2011b,c) . In common garden experiments, transplants from across the distribution range produced on average 82Á6 AE 46Á8 (SD) seeds per panicle (De Frenne et al. 2011b) . In a study by Plue et al. (2013) , seed production per shoot was significantly related to the population size (combined effect of species density, species percentage cover, the number of inflorescences and the total number of shoots in the population, which were all correlated) but not to the soil moisture, soil pH, temperature variables or to the latitude of the sampled site. Seed production was, however, positively correlated with distance to the forest edge suggesting an effect of microclimate (light, temperature). Seed mass has been found to show little variation with latitude (De Frenne et al. 2011c) . However, when plants were transplanted to more southern sites, seed mass decreased, which was interpreted as light limitation under denser canopies in the south (De Frenne et al. 2011c) . Positive effects of light on seed production were also reported by Towpasz & Szymska (1983) who mention 261 AE 12Á0 (SD) seeds per panicle in populations which developed in mixed pine-oak forest, where the illumination level reached 23% of full light, and 190 AE 8Á2 (SD) seeds per panicle in oak-hornbeam woodlands with 6% of light penetrating to the forest floor.
Most of the smooth seeds of M. effusum fall to the ground close to the mother plant (barochory). There are no specific adaptations for wind dispersal. However, because of its tall stature and easy seed release (at maturity, although the spikelets remain firmly attached to the panicle, the seeds are easily dislodged), mature seeds may be dispersed in the coats of mammals. Extensive epizoochorous dispersal of Wood Millet seeds has been demonstrated experimentally in the coat of a dog over distances as far as 600 m (Graae 2002 (Graae 2000; Graae, Sunde & Fritzboger 2003; Brunet et al. 2012 ; see section V.B). Compared to 42 other woodland herbs, M. effusum had the fourth highest dispersal potential based on a principal components analysis of four life-history traits (dispersal distance, diaspore mass, clonal spread and plant height) that were strongly related to colonization rates . The seeds stored in the seed bank offer an additional mode of delayed reproduction (Plue et al. 2013) . Seed bank density of M. effusum was found to range from 37 to 3212 germinable seeds m À2 in deciduous woodlands across western
Europe (Plue et al. 2013) , and from 570 to 4958 seeds m
À2
in deciduous and mixed pine-oak forests in Poland (Towpasz & Szymska 1983) . Most of the seeds are situated in the upper 10 cm topsoil layer (Kjellsson 1992; Bossuyt, Heyn & Hermy 2002) . The seed accumulation index (an index of seed longevity), calculated as the ratio of all plots in deciduous woodlands across western Europe where the species was solely present in the seed bank over those where the species was present in the seed bank, vegetation or both, amounts to 0Á03 in M. effusum (Plue et al. 2013) . Thus, M. effusum occurs in the seed bank only when parent individuals are present. This implies that the species possesses relatively limited seed longevity (mean of c. 5 years), rendering it heavily reliant upon regular seed inputs to maintain a seed bank (Plue et al. 2013) .
( D ) V I A B I L I T Y O F S E E D S : G E R M I N A T I O N
Freshly shed seeds of M. effusum from temperate regions usually have high germination of between 70% and 100% when sown onto agar pads, in petri dishes on filter paper, or in forest or potting soil (Towpasz & Szymska 1983; Thompson 1989; Staaf 1992; Falkengren-Grerup & Tyler 1993; De Frenne et al. 2011b . However, germination was much lower (c. 20%) for freshly shed seeds sampled in subarctic, northern populations . According to a study conducted in southern Poland, germination of seeds and establishment of seedlings under natural conditions are much lower than in laboratory experiments (c. 3% of all seeds produced; Towpasz & Szymska 1983) . Based on a modelling exercise, it has been suggested that seeds germinate in the same year as they are shed for Wood Millet populations originating from lower latitudes (Central Europe), while seeds from populations at higher latitudes in Scandinavia germinate in the following spring, as a result of seed dormancy (Thompson 1980 ), winter at 2°C for 11 weeks (8 h light, 16 h darkness) and early spring at 10°C for 2 weeks (8 h light, 16 h darkness). Thompson (1980) also found that post-harvest after-ripening in dry storage is important for successful, fast germination of M. effusum seeds sampled in Sussex. Wet chilling (at 2°C) and alternating, fluctuating temperatures (12 h day/night temperatures of 21/11°C and 26/16°C) also promote germination, and can result in near 100% success (Thompson 1980) . Accordingly, the species is categorized as having physiological dormancy (Thompson 1980; Jankowska-Blaszczuk & Daws 2007; Baskin & Baskin 2014) .
Germination percentages on agar pads are reported to be temperature-dependent, with the fastest and highest subsequent germination (near 100%) between 16 and 21°C. Thompson (1980) suggests that the germination patterns observed across Europe are the result of the temperature regime experienced by the mother plant. Light is often key to the germination of small-seeded species, but seems to have relatively limited effects on germination of M. effusum seeds (Thompson 1980) supporting the shade tolerance of the species. However, germination of Wood Millet seeds sampled in Białowie_ za, Poland, increased with increasing red: far red light ratios allowing the plant to detect the absence of shading vegetation (Jankowska-Blaszczuk & Daws 2007) . Soil pH, P concentration and organic matter concentration do not seem to affect the emergence of seedlings significantly (Staaf 1992; Falkengren-Grerup & Tyler 1993; Graae, Hansen & Sunde 2004) . Litter removal increased germination of seeds of M. effusum (Dzwonko & Gawro nski 2002) . The mortality of the juveniles during the first year after emergence is usually low (<20%) (Graae, Hansen & Sunde 2004) . However, in forests in southern Poland with high competition at the forest floor, only 11% of seedlings survived the first growing season (Towpasz & Szymska 1983) .
The epigeal cotyledon appears enrolled just like the new leaves of older seedlings. The leaves, however, unfold to the typically flat-leaved structure of the adult plant. The leaves of the seedlings are bright green with soft, very short hairs. During the first year, only a relatively small, vegetative plant develops with c. 4-15 leaves (Fig. 6 ) and most new seedlings start to flower after two growing seasons (De Frenne et al. 2011b) .
IX. Herbivory and disease ( A ) A N I M A L F E E D E R S O R P A R A S I T E S
Wood Millet leaves are consumed by mammals such as deer, voles and wild boar. Stomach analyses of animals in forests in Poland showed that M. effusum is eaten by red deer (Cervus elaphus) and roe deer (Capreolus capreolus L.) (Ge z bczy nska 1980) as well as by bank voles (Myodes glareolus Schreber) (Ge z bczy nska 1976). In laboratory experiments on food preferences of the bank vole, M. effusum seeds were preferred over the seeds of six other tested species, but beech (Fagus sylvatica) seeds were more preferred than M. effusum seeds (Jensen 1982) . Tast (1966) noted that in some sites in Finland root voles (Microtus oeconomus Pallas) also feed on M. effusum. Analyses of faeces collected in woods in northeastern Germany showed that seeds are consumed by wild boar (Sus scrofa L.), although not in large quantities (Heinken, Hanspach & Schaumann 2001) . According to Falkowski (1976) , seeds of M. effusum are also consumed by birds.
More than 30 phytophagous invertebrates have been reported to feed on M. effusum, the majority being the larvae of leaf miner flies and moths (Table 2) . A number of these (Elachistidae, grass-miner moths) are restricted to graminoids for food plants, and at least two species, Elachista cingillella and E. diederichsiella, appear to feed exclusively on M. effusum. Elachista cingillella is very rare in the UK, but it has been suggested that the species would be found more frequently if looked for in suitable habitats (Emmet 1996) . 
( B ) A N D ( C ) P L A N T P A R A S I T E S A N D D I S E A S E S
Milium effusum is often infected by the smut Ustilago striiformis, which forms dark stripes on the leaf sheaths and blades (Conert et al. 1998 ; Table 3 ). Infected plants show restricted growth and develop no or only small inflorescences.
Infections by the powdery mildew Blumeria graminis are also common (Conert et al. 1998; British Mycological Society 2015) . Furthermore, M. effusum may be infected by a number of other ascomycete and basidiomycete fungi (Table 3) , all of which are classified as diseases or parasites, except
Phaeosphaeria nigrans, which is saprobic and has been observed on dead plant material. Also, a slime mould (Arcyria denudata Fries) has been reported for M. effusum (British Mycological Society 2015). White & Baldwin (1992) did not find any stromata or endophytic fungus mycelium in the leaves of M. effusum collected in Telford, Shropshire, UK.
X. History
Milium effusum was known to herbalists such as Gerarde (1597), who is credited with the first British record (Clarke 1900) , as Gramen Miliaceum. The current binomial was coined in Linnaeus' Species Plantarum in 1753. The taxonomic identification of Poaceae species from pollen remains is almost impossible. Nevertheless, M. effusum has been mentioned in pollen diagrams of the Atlantic period (7200-4900 BP) in the Netherlands, along with other species of the Fagetalia sylvaticae community type (Groen 2007) . In a study mostly conducted in Sweden, the spatial genetic structure of M. effusum revealed no clear pattern, rendering any inference on refugia and post-glacial migration routes difficult (Tyler 2002) . Macroremains of M. effusum have been reported from various archaeological sites of the Neolithic and Bronze Age in Central Europe. Wood Millet leaves have been (and are still) used to aromatize tobacco (Conert et al. 1998) or alcohol (because of the presence of coumarin; Mossberg & Stenberg 2012) . Although the seeds are small, they were also used for feeding (exotic) birds, and even sown in woodlands and landscape parks for ornamental purposes, and as food source for game (e.g. in England, Belgium and Germany) due to their relatively high starch content (Vietz & Kerndl 1818; Hubbard 1984; Van Landuyt et al. 2006 ). The energy content of seeds sampled in a Danish wood was 4Á71 kcal g À1 dry weight. That is, however, relatively low compared to seeds of Anemone nemorosa, Fagus sylvatica and Melica uniflora (Jensen 1982) .
XI. Conservation
The species is not listed as threatened, endangered or vulnerable on any Red List consulted. A recent survey in Britain found no evidence for change in its distribution between 1987 and 2004 (Braithwaite, Ellis & Preston 2006) . The frequency of occurrence of the species in resurveyed semi-permanent Sources: 1, Allan (1979) ; 2, Blab & Kudrna (1982) ; 3, Davis et al. (1982); 4, Ebert (1997); 5, Ebert (1998); 6, Ebert (2005); 7, Emmet (1996) ; 8, Emmet & Langmaid (2002); 9, Goater (1974) ; 10, Griffiths (1980); 11, Heath & Emmet (1983); 12, Hering (1957); 13, Holman (2009); 14, Khan (1989) ; 15, Liston et al. (2014); 16, Settele, Feldmann & Reinhardt (1999); 17, Spencer (1972); 18, Spencer (1976); 19, Steuer (1976); 20, Taeger et al. (1998); 21, Traugott-Olsen & Schmidt Nielsen (1977); 22, Wirooks & Theissen (1999); 23, W€ orz (1957); 24, Zw€ olfer (1958) .
vegetation plots has even increased by c. 2Á1% in ancient woodlands across Europe ) (section III). As a widespread species, specific management actions are therefore currently directed towards the conservation of some of its main habitat types rather than to the species directly. For instance, M. effusum is an indicator species in woodlands of high conservation concern such as ancient woodlands of the Milio-Fagetum association and those with Natura2000 habitat code 9120 (acidophilous beech-oak woods).
